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Pairs of ultrafast laser pulses are used to ablate Si�111�. The fluorescence from Si atoms and ions
was observed to increase by an order of magnitude as the delay between the pulses was increased.
From the dependence of the fluorescence enhancement on the laser fluence and the pulse delay, it
is deduced that the first pulse melts the surface and that the second pulse interacts more strongly
with the liquid phase. © 2007 American Institute of Physics. �DOI: 10.1063/1.2716838�

Laser ablation of materials is a complex phenomenon
involving several phases and multiple length and time
scales.1 Ultrafast �sub-100-fs� pulses are a powerful tool both
for probing and controlling the ablation mechanism.2 For ex-
ample, Stoian et al.3 and Spyridaki et al.4 used trains of
ultrafast pulses to modify the morphology of the ablation
crater. Subsequently, Dachraoui and Husinsky5 showed that
by shaping the pulse train using a genetic algorithm, it is
possible to enhance the amount of Si ions emitted from the
surface. In another study, Koudoumas et al.6 measured the
kinetic energies of Si ions produced by a pair of short pulses.
From the dependence of the yields and energies of the ions
on the delay between the pulses, they proposed that the first
pulse melts the crystal surface and that the second pulse ab-
lates the liquid phase.

Here we examine the two-pulse mechanism more
closely, using atomic and ionic fluorescence and atomic force
microscopy �AFM� as our primary observables. The appara-
tus consists of an ultrafast laser, a Michelson interferometer
to generate double pulses with a controllable delay, a sample
manipulator, and an optical detector. The radiation source is
a regeneratively amplified Ti:sapphire laser �Spectra Physics
Tsunami oscillator and Spitfire amplifier�, which delivers
800 nm, 45 fs pulses with a maximum pulse energy of 2 mJ
at a 1 kHz repetition rate. Care is taken to ensure that the
energies of two pulses �referred to as “half pulses”� are
equal. The combined energy of the two half pulses reaching
the sample range from 0.6 to 11.5 �J. Single-pulse experi-
ments are performed by blocking one of the beams.

Undoped Si�111� wafers �MTI Crystal, 0.5 mm thick�
are used as received from the manufacturer. The sample is
mounted in air on a motorized XYZ stage, which rasters it to
a new location after each laser shot. The sample is positioned
with its normal axis at an angle of 30° with respect to the
laser beam direction. The s-polarized laser beam is focused
onto the sample by an objective lens with a numerical aper-
ture of 0.25 to a spot size of 3.6 �m in diameter. Fluores-
cence perpendicular to the laser beam is collected by an
f /2.0 lens, focused into a 0.25 m monochromator, and de-
tected with a photomultiplier tube �Hamamatsu R928�. The
shape of the ablated surface is measured by AFM �Veeco
Nanoscope III SPM�.

The principle experimental result is shown in Fig. 1.
Fluorescence from neutral atomic Si at 288.2 nm �1D2-1P1�
is measured as a function of the delay t between the two laser
pulses, with a combined fluence F ranging from
6 to 105 J /cm2. The fluorescence signal is found to increase
monotonically with t, as illustrated in Fig. 1�a�. Fitting of the
signal to the functional form A�1-e−�t�/�� gives a time constant
of �=40–50 ps, which varies weakly with F. Measurements
of Si II fluorescence at 505.6 nm give quantitatively similar
results. The enhancement ratio, E�F , t�, defined as the ratio
of the fluorescence signal for the pulse pair to that for a
single pulse having the same total F, is plotted in Fig. 1�b� as
a function of t and F. The highest enhancement ratio is 20.7,
obtained at t=104.8 ps and F=6.1 J /cm2. Figure 1�b� shows
that E�F , t� always increases with �t� for a fixed F, but that at
a fixed delay the enhancement decreases with fluence.

AFM measurements are performed to determine the vol-
ume and shape of the ablated craters. In single-pulse experi-
ments we find that the volume of the crater is approximately
proportional to the laser fluence. The fluorescence signal also
varies smoothly with fluence, and, therefore, as shown by the
solid points in Fig. 2, the fluorescence signal varies linearly
with the ablated volume at low fluence.7 For double pulses,
however, the crater morphology and fluence dependence of
the fluorescence are more complex. The open points in Fig. 2
show that at fixed fluence the crater volume is roughly inde-
pendent of pulse delay, even though the fluorescence in-
creases with delay. In another experiment �not shown�, we
record the AFM images of craters that were etched for one
hour with 44% KOH solution. Utilizing the property that
KOH etches Si�111� much more slowly than amorphous
Si,8,9 we determine that the craters produced by double
pulses contain a large amount of resolidified material that
increases with t.

The AFM data show that both half pulses reach the sur-
face and ablate it. The question is what produces the en-
hancement effect, and what is the physical meaning of the
time constant �. If the only effect of the laser radiation is to
excite and vaporize some of the surface molecules, and if the
fluence of each pulse exceeds the threshold for ablation �as is
the case here�, one would expect an additive response, such
that E�F , t�=1. Evidently, the first pulse induces a structural
change of some sort, enabling the second pulse to couple
more strongly with the modified material. There are two pos-a�Electronic mail: rjgordon@uic.edu
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sible mechanisms �although a combination of both is also
possible�. In the first mechanism �mechanism I�, the first
pulse melts the surface and the second pulse interacts more
strongly with the liquid, as proposed by Koudoumas et al.6

The second possibility �mechanism II� is that the enhanced
fluorescence is produced by multiphoton excitation of atoms
and particles in the plume produced by the first half pulse, as
proposed by Semerok and Dutouquet10 for Cu ablation.

We may distinguish between these mechanisms by con-
sidering the fluence dependence of E�F , t�. Simply put, for
mechanism II we expect the enhancement to increase with
fluence as the concentration of particles in the plume in-
creases with F, whereas in mechanism I we expect E�F , t� to
decrease with F because of shielding by the plume. This
reasoning is made more precise by the following analysis.

The number of fluorescence photons produced by the
single large pulse is given by

N1 =
F

h�
Aqs, �1�

where h� is the laser photon energy, A is the effective area of
the focal spot, and qs is the average conversion efficiency of
laser photons into fluorescence photons. Similarly, the num-
ber of photons generated by the pulse pair is given by

N2 =
F

2h�
A�qs + fp�F,t�qp + gl�F,t�ql + gs��F,t�qs�� , �2�

where the first term in the brackets gives the number of fluo-
rescence photons produced by the first half pulse, and the
second through fourth terms denote the number of photons
generated by the second half pulse in the plume, liquid
phase, and solid phase �beneath the liquid front�, respec-
tively. In Eq. �2�, qp, ql, and qs� are the average conversion
efficiencies of the second pulse in the plume, liquid, and
solid phases, respectively. The quantity fp�F , t� is the fraction
of the second half pulse absorbed by the plume. The quantity
gl�F , t� is given by

gl�F,t� = �1 − fp�F,t��f l�F,t� , �3�

where f l is the fraction of light absorbed by the liquid phase
for fp�F��1, and zero otherwise. Similarly,

gs��F,t� = 1 − gl�F,t� �4�

for gl�F , t��1, and zero otherwise. Making the reasonable
assumption that qs has the same value in Eqs. �1� and �2�
�i.e., that it depends weakly on the fluence�, we can write the
enhancement ratio as

E�F,t� = N2/N1 =
1

2
�1 + fp

qp

qs
+ gl

ql

qs
+ gs�

qs�

qs
	 . �5�

In the high fluence and long time limit, where the second
pulse is absorbed entirely by the plume and liquid, the last
term in Eq. �5� vanishes. It follows that the condition for E
�1 is fp�qp /qs�+gl�ql /qs��1. We consider the following
two limiting cases:

�a� fp�qp /qs��1 and gl�ql /qs��1
�b� fp�qp /qs��1 and gl�ql /qs��1.

Case �a� corresponds to the enhancement produced
mostly in the liquid phase �mechanism I� and case �b� corre-
sponds to the enhancement produced in the plume �mecha-
nism II�. We may distinguish between these two cases ex-
perimentally by examining the fluence dependence of

FIG. 1. Atomic fluorescence produced by the double pulse ablation of
Si�111�. �a� Fluorescence vs delay time at a combined fluence of 48.7 J /cm2.
Each point is the average of 40 pulses, with each pulse ablating a fresh
surface area. The error bars are a single standard deviation. The smooth
curve is a least squares fit of an exponential function. �b� Enhancement ratio
as a function of delay time and fluence. The three-dimensional representa-
tion is based on delay scans taken at seven different fluences.

FIG. 2. Atomic force microscopy measurements of Si crater volume vs
fluorescence intensity for single �solid points� and double �open points�
pulses. The solid points are for craters produced with different fluences,
ranging from 6.2 to 91.4 J /cm2. The open points are produced at a constant
fluence of 41.5 J /cm2, with the delay ranging from 0 to 105 ps. The arrow
indicates a single pulse measurement performed at the same fluence used for
all the double pulse measurements. The solid line is drawn to guide the eye.
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E�F , t�. As the fluence increases, a larger fraction of the sec-
ond pulse is absorbed by the plume. In case �a�, qp /qs�1,
ql /qs�1, and the enhancement ratio decreases with fluence
to a limiting value of 1

2 , as fp→1 and gl→0. In case �b�,
qp /qs�1 and the enhancement ratio increases with fluence
to a limiting value of 1

2 �1+ �qp /qs��, as more plume particles
fluoresce. Experimentally we observe for Si that E decreases
with F, corresponding to case �a�. Enhanced fluorescence
originating in the plume has been observed for Si�111�, but
only at much higher fluences �100–1000 J /cm2� and with
enhancement ratios one to two orders smaller than observed
here.11

The mechanism that emerges from this analysis is as
follows. The first pulse superheats the Si surface12 and melts
it electronically. Some of the atoms absorb enough photons
to produce electronically excited Si and Si+, which fluoresce.
Ablation craters are also formed, with volumes given by the
solid points in Fig. 2. Some of the absorbed energy is re-
tained by the liquid, creating a phase boundary that propa-
gates inward at roughly the speed of sound.13 The second
pulse couples more strongly to the liquid phase, producing a
larger fraction of electronically excited Si and Si+, causing
the enhanced fluorescence. The rise time of E�F , t� is given
approximately by the penetration depth in the liquid divided
by the speed of sound.1 The AFM images of the etched cra-
ters show that the double pulse enhances the amount of ma-
terial transformed. We posit that some of the material ablated
by the second pulse condenses back into the crater after col-
liding with the plume produced by the first pulse. Evidence
of interaction of the two plumes is seen in published shadow-
graph images.14 We also speculate that the plume produced
by the first pulse partially shields the surface from the second
pulse, causing E�F , t� to decrease with increasing F at fixed
t.

In conclusion, we have shown that atomic and ionic
fluorescence are a good measure of the damage done to a
surface by an ultrafast laser. Splitting the pulse into two half

pulses enhances the fluorescence by an amount that increases
with delay and decreases with fluence. From its fluence de-
pendence we deduce that the enhancement is caused by the
first pulse melting the surface and the second pulse interact-
ing more strongly with the liquid phase.
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